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 7KLV SDSHU SUHVHQWV D ILQLWH HOHPHQW LQYHVWLJDWLRQ LQWR WKH
ZHEFULSSOLQJVWUHQJWKRIFROGIRUPHGVWDLQOHVVVWHHO OLSSHGFKDQQHOV
ZLWK FLUFXODU ZHE SHUIRUDWLRQV XQGHU HQGWZRIODQJH (7) ORDGLQJ
7KHFDVHVRIZHERSHQLQJVORFDWHGERWKFHQWUHGDQGRIIVHWWRWKHORDG
EHDULQJ SODWHV DUH FRQVLGHUHG ,Q RUGHU WR WDNH LQWR DFFRXQW WKH
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,QWURGXFWLRQ
&ROGIRUPHG VWDLQOHVV VWHHO VHFWLRQV DUH PRVW RIWHQ XVHG IRU ERWK DUFKLWHFWXUDO DQG
VWUXFWXUDODSSOLFDWLRQVLQFRQGLWLRQVFKDUDFWHULVHGE\KLJKFRUURVLRQDJJUHVVLYHQHVVQRWRQO\
EHFDXVH WKH\ DUH DHVWKHWLFDOO\ SOHDVLQJ EXW WKH\ DOVR KDYH IDYRXUDEOH FKDUDFWHULVWLFV LQ
WHUPVRIVWUHQJWKGXUDELOLW\DQGIRUPDELOLW\=KDRet al.1HWKHUFRWet. al.5RVL
et al.7RSURYLGHHDVHRIDFFHVVIRUVHUYLFHVWKHXVHRIZHERSHQLQJVIRUVXFKVHFWLRQV
DUHDOVREHFRPLQJSRSXODULQLQGXVWU\/DZVRQet al.VHH)LJ6XFKZHERSHQLQJV
KRZHYHU UHVXOW LQ WKH VHFWLRQV EHLQJ PRUH VXVFHSWLEOH WR ZHE FULSSOLQJ HVSHFLDOO\ XQGHU
FRQFHQWUDWHGORDGVLQWKHYLFLQLW\RIWKHRSHQLQJV
7KHDXWKRUVKDYHUHFHQWO\SURSRVHGXQLILHGVWUHQJWKUHGXFWLRQIDFWRUHTXDWLRQVIRUWKH
ZHEFULSSOLQJ VWUHQJWKRI FROGIRUPHG VWDLQOHVV VWHHO OLSSHGFKDQQHOVHFWLRQVZLWK FLUFXODU
ZHERSHQLQJVXQGHUWKHRQHDQGWZRIODQJHORDGLQJFRQGLWLRQV<RXVHILet al.DEFG
7KHHTXDWLRQVFRYHUHGWKUHHVWDLQOHVVVWHHOJUDGHVGXSOH[JUDGH(1DXVWHQLWLFJUDGH
(1DQGIHUULWLFJUDGH(16LPLODUHTXDWLRQVIRUFROGIRUPHGFDUERQVWHHOXQGHU
HQGRQHIODQJHORDGLQJFRQGLWLRQKDYHSUHYLRXVO\EHHQSURSRVHGE\/LDQet al.DE
ZKLFK ZDV D FRQWLQXDWLRQ RI WKH ZRUN RI 8]]DPDQ et al. D E F  ZKR KDG
FRQVLGHUHG WKH WZRIODQJH ORDGLQJ FRQGLWLRQV :KHQ DSSOLHG WR WKH VWDLQOHVV VWHHO JUDGHV
<RXVHILet al.EVKRZHGWKDWWKHHTXDWLRQVSURSRVHGE\/LDQet al.EIRUWKHHQG
RQHIODQJH(2)ORDGLQJFRQGLWLRQZHUHXQFRQVHUYDWLYHE\XSWR$OVR<RXVHILet al.
GVKRZHGWKDWWKHHTXDWLRQVSURSRVHGE\8]]DPDQet al.DFIRUWKHLQWHULRUWZR
IODQJH,7)ORDGLQJFRQGLWLRQZHUHXQFRQVHUYDWLYHE\XSWR
,QWKHOLWHUDWXUHIRUFROGIRUPHGVWDLQOHVVVWHHOOLSSHGFKDQQHOVHFWLRQVRQO\.URYLQN
et al.KDVFRQVLGHUHGZHEFULSSOLQJVWUHQJWKEXWOLPLWHGWRVHFWLRQVZLWKRXWRSHQLQJV
=KRXDQG<RXQJ KDYHFRQVLGHUHG WKHZHEFULSSOLQJ VWUHQJWKRI
FROGIRUPHGVWDLQOHVVVWHHOWXEXODUVHFWLRQVDJDLQZLWKRXWRSHQLQJV5HVHDUFKE\/DZVRQet 
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ZKLOHFRQFHUQHGZLWKFLUFXODUZHERSHQLQJVIRFXVVHGRQWKHEHQGLQJVWUHQJWKRI
WKHVHFWLRQVDQGQRWRQWKHZHEFULSSOLQJVWUHQJWKXQGHUFRQFHQWUDWHGORDGVVHH)LJ
,QWHUPVRIFROGIRUPHGFDUERQVWHHO.HHUWKDQDQG0DKHQGUDQDQG.HHUWKDQet 
al.  FRQVLGHUHG WKH ZHE FULSSOLQJ VWUHQJWK RI KROORZ ÀDQJH FKDQQHO EHDPV DJDLQ
ZLWKRXWRSHQLQJV6XQGDUDUDMDKet al.DQG*XQDODQDQG0DKHQGUDQKDYHDOVR
FRQVLGHUHG D 'LUHFW 6WUHQJWK 0HWKRG DSSURDFK IRU WKH ZHE FULSSOLQJ VWUHQJWK RI FKDQQHO
VHFWLRQVDJDLQZLWKRXWRSHQLQJV)RUFROGIRUPHGFDUERQVWHHOOLSSHGFKDQQHOVHFWLRQVUHFHQW
ZRUN KDV LQFOXGHG 1DWDULR et al.  &KHQ et al.  DQG *XQDODQ DQG 0DKHQGUDQ
DOOZLWKRXWRSHQLQJV
7KLVSDSHUFRQVLGHUVWKHFDVHRIWKHZHEFULSSOLQJVWUHQJWKRIFROGIRUPHGVWDLQOHVVVWHHO
OLSSHG FKDQQHOV ZLWK FLUFXODU ZHE SHUIRUDWLRQV XQGHU WKH HQGWZRIODQJH (7) ORDGLQJ
FRQGLWLRQVHH)LJVDQGDQGDSSOLFDELOLW\RIWKHSURSRVHGHTXDWLRQVE\8]]DPDQet al.
FWRWKHVDPHWKUHHVWDLQOHVVVWHHOJUDGHVQDPHO\WKHGXSOH[JUDGH(1
DXVWHQLWLFJUDGHDQGIHUULWLFJUDGH6LPLODUWRSUHYLRXVLQYHVWLJDWLRQVW\SLFDO
VWUHVVVWUDLQ FXUYHV IRU WKH WKUHH JUDGHV ZHUH WDNHQ IURP &KHQ DQG <RXQJ  DQG
$UUD\DJRet. al.
([SHULPHQWDO,QYHVWLJDWLRQ
)RUFROGIRUPHGFDUERQVWHHO8]]DPDQet al.EFRQGXFWHGHQGWZR
IODQJH(7)ODERUDWRU\WHVWVRQOLSSHGFKDQQHOVHFWLRQVZLWKFLUFXODUZHERSHQLQJVVXEMHFWHG
WRZHEFULSSOLQJVHH)LJ7KHVL]HRIWKHFLUFXODUZHERSHQLQJVZDVYDULHGLQRUGHUWR
LQYHVWLJDWHWKHHIIHFWRIWKHZHERSHQLQJVRQWKHZHEFULSSOLQJVWUHQJWK$OOWKHWHVWVSHFLPHQV
ZHUH IDEULFDWHGZLWKZHERSHQLQJV ORFDWHGDW WKHPLGGHSWKRI WKHZHEVZLWKFHQWUHGDQG
RIIVHW WR WKH EHDULQJ SODWHV 7KH ODERUDWRU\ WHVW UHVXOWV ZHUH XVHG WR YDOLGDWH D QRQOLQHDU
JHRPHWU\HODVWRSODVWLFILQLWHHOHPHQWPRGHOGHWDLOVRIWKHPRGHOFDQEHIRXQGLQ8]]DPDQ


et al. E  ZKLFK ZDV WKHQ XVHG IRU D SDUDPHWULF VWXG\ WR LQYHVWLJDWH WKH ZHE
FULSSOLQJ VWUHQJWKRI FROGIRUPHG VWDLQOHVV VWHHO OLSSHGFKDQQHOVHFWLRQVZLWK FLUFXODUZHE
RSHQLQJV XQGHU WKH HQGWZRIODQJH (7) ORDGLQJ FRQGLWLRQ 5HFRPPHQGDWLRQV ZHUH
SURSRVHGLQWKHIRUPRIVWUHQJWKUHGXFWLRQIDFWRUHTXDWLRQVUHODWLQJWKHORVVRIVWUHQJWKGXH
WRWKHZHERSHQLQJVWRWKHVWUHQJWKRIWKHZHEZLWKRXWRSHQLQJV7KHVL]HRIWKHFLUFXODUZHE
RSHQLQJVZDVYDULHG LQRUGHU WR LQYHVWLJDWH WKHHIIHFWRI WKHZHERSHQLQJVL]HRQ WKHZHE
FULSSOLQJVWUHQJWK)XOOGHWDLOVRIERWK WKH ODERUDWRU\ WHVWVFDQEHIRXQG LQ8]]DPDQet al.
E
1XPHULFDO,QYHVWLJDWLRQ
3.1 General 
,Q WKLV VWXG\ WKH QRQOLQHDU HODVWRSODVWLF JHQHUDO SXUSRVH ILQLWH HOHPHQW SURJUDP
$%$486ZDVXVHGWRVLPXODWHWKHFROGIRUPHGVWDLQOHVVVWHHOOLSSHGFKDQQHOVZLWK
DQG ZLWKRXW FLUFXODU ZHE SHUIRUDWLRQV VXEMHFWHG WR ZHE FULSSOLQJ 7KH EHDULQJ SODWHV WKH
OLSSHGFKDQQHOVHFWLRQZLWKFLUFXODUZHESHUIRUDWLRQVDQGWKHLQWHUIDFHVEHWZHHQWKHEHDULQJ
SODWHVDQGWKHOLSSHGFKDQQHOVHFWLRQZHUHPRGHOOHG,QWKHILQLWHHOHPHQWPRGHOWKHPRGHO
ZDVEDVHGRQ WKHFHQWUHOLQHGLPHQVLRQVRI WKHFURVVVHFWLRQV'HWDLOVRI WKH ILQLWHHOHPHQW
PRGHOVLQ$%$486DUHVXPPDULVHGEHORZ

3.2 Specimens labelling 
7KHGLPHQVLRQVRI WKH OLSSHG FKDQQHOVHFWLRQPRGHOOHG DUHJLYHQ LQ7DEOH )LJ 
VKRZVWKHGHILQLWLRQRIWKHV\PEROVXVHGWRGHVFULEHWKHGLPHQVLRQVRIWKHFROGIRUPHGFDUERQ
VWHHO OLSSHGFKDQQHOVHFWLRQVFRQVLGHUHG LQ WKHWHVWSURJUDPPH7KHVDPHGHILQLWLRQVZHUH
XVHGLQWKLVQXPHULFDOLQYHVWLJDWLRQWKHPRGHOVKDYHEHHQFRGHGVXFKWKHQRPLQDOGLPHQVLRQ
RIWKHPRGHODQGWKHOHQJWKRIWKHEHDULQJSODWHVDVZHOODVWKHUDWLRRIWKHGLDPHWHURIWKH


FLUFXODUZHESHUIRUDWLRQVWRWKHGHSWKRIWKHIODWSRUWLRQRIWKHZHEVa/hFDQEHGHWHUPLQHG
IURPWKHFRGLQJV\VWHP$VDQH[DPSOHWKHODEHO³1$)5´PHDQVWKHIROORZLQJ
7KH ILUVWQRWDWLRQ LV WKHQRPLQDOGHSWKRI WKHPRGHOV LQPLOOLPHWHUV7KHQRWDWLRQ 
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UDWLRRIWKHGLDPHWHURIWKHKROHVWRWKHGHSWKRIWKHIODWSRUWLRQRIWKHZHEVa/hDQGDUHRQH
RIDQGLHA0.2PHDQVa/h  A0.4PHDQVa/h HWF&KDQQHOVHFWLRQV
ZLWKRXWFLUFXODUZHESHUIRUDWLRQVDUHGHQRWHGE\

A0
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3.3 Geometry and material properties 
,Q WKHILQLWHHOHPHQWPRGHO IXOOPRGHORI WKH WHVWVHWXSRI 8]]DPDQet al. E
ZDVPRGHOOHGDVVKRZQLQ)LJ7KHVWUHVVVWUDLQFXUYHVIRUGXSOH[JUDGH(1
DXVWHQLWLFJUDGHDQGIHUULWLFJUDGHZHUHREWDLQHGIURP&KHQDQG<RXQJ
DQG$UUD\DJRet al. 7KHVWUHVVVWUDLQFXUYHVZHUHFRQYHUWHG LQWR WUXHVWUHVV VWUDLQ
FXUYHVDVSHUWKHHTXDWLRQVGHVFULEHGLQWKH$%$486PDQXDO

3.4 Element type and mesh sensitivity 
)LJ  VKRZVGHWDLOV RI D W\SLFDO ILQLWH HOHPHQWPHVKRI WKH FKDQQHO VHFWLRQ DQG WKH
EHDULQJSODWHV7KHHIIHFWRIGLIIHUHQWHOHPHQWVL]HVLQWKHFURVVVHFWLRQRIWKHFKDQQHOVHFWLRQ
ZDV LQYHVWLJDWHG WR SURYLGH ERWK DFFXUDWH UHVXOWV DQG UHGXFHG FRPSXWDWLRQ WLPH )LQLWH
HOHPHQWPHVKVL]HVZHUHPPîPPIRUWKHFROGIRUPHGVWHHOFKDQQHOVHFWLRQVDQGPP
îPPIRUWKHEHDULQJSODWHV
&ROGIRUPHGVWHHOOLSSHGFKDQQHOVZLWKDQGZLWKRXWZHESHUIRUDWLRQVZHUHPRGHOOHGXVLQJ
65VKHOOHOHPHQW7KH65LVDIRXUQRGHGRXEOHFXUYHGWKLQRU WKLFNVKHOOHOHPHQWZLWK
UHGXFHGLQWHJUDWLRQDQGILQLWHPHPEUDQHVWUDLQV,WLVVWDWHGLQWKH$%$4860DQXDO


WKDWWKH65HOHPHQWLVVXLWDEOHIRUFRPSOH[EXFNOLQJEHKDYLRXU7KH65KDVVL[GHJUHHVRI
IUHHGRPSHUQRGHDQGSURYLGHVDFFXUDWHVROXWLRQVWRPRVWDSSOLFDWLRQV7KHEHDULQJSODWHVDQG
ORDGWUDQVIHUEORFNZHUHPRGHOOHGXVLQJDQDO\WLFDOULJLGSODWHVDQG&'5HOHPHQWZKLFKLV
VXLWDEOHIRUWKUHHGLPHQVLRQDOPRGHOOLQJRIVWUXFWXUHVZLWKSODVWLFLW\VWUHVVVWLIIHQLQJODUJH
GHIOHFWLRQDQGODUJHVWUDLQFDSDELOLWLHV7KHVROLGHOHPHQWLVGHILQHGE\HLJKWQRGHVKDYLQJ
WKUHHWUDQVODWLRQDOGHJUHHVRIIUHHGRPDWHDFKQRGH

3.5 Loading and boundary conditions 
&RQWDFW EHWZHHQ WKH EHDULQJ SODWHV DQG WKH FROGIRUPHG VWDLQOHVV VWHHO VHFWLRQ ZDV
PRGHOOHGLQ$%$486XVLQJWKHcontact pairsRSWLRQ7KHLQWHUIDFHEHWZHHQWKHEHDULQJSODWHV
DQGWKHFROGIRUPHGVWDLQOHVVVWHHOVHFWLRQZHUHPRGHOOHGXVLQJWKHsurface-to-surface contact
RSWLRQ7KHEHDULQJSODWHVZHUHWKHPDVWHUVXUIDFHZKLOHWKHÀDQJHRIWKHFURVVVHFWLRQRI
VWDLQOHVVVWHHOVHFWLRQZDVWKHVODYHVXUIDFHH[WHQGHGXSWRWKHFRUQHUV6LQFHWKHZHEÀDQJH
URXQGHGWUDQVLWLRQZLOOFRQWDFWWKHEHDULQJSODWHVGXHWRXQGHUJRLQJKHDY\GHIRUPDWLRQWKH
FRQWDFWVXUIDFHVPXVWLQFOXGHWKHFRUQHUHOHPHQWVDQGWKHÀDQJH7KHWZRFRQWDFWVXUIDFHV
ZHUHQRWDOORZHGWRSHQHWUDWHHDFKRWKHU7KHYHUWLFDOORDGDSSOLHGWRWKHFKDQQHOVHFWLRQVLQ
WKH ODERUDWRU\ WHVWV ZDV PRGHOOHG XVLQJ GLVSODFHPHQW FRQWURO PHWKRG DQ LPSRVHG
GLVSODFHPHQWLVDSSOLHGWRWKHQRGHVRIWKHWRSEHDULQJSODWHZKHUHWKHYHUWLFDOORDGLVDSSOLHG
7KHWRSEHDULQJSODWHZDVUHVWUDLQHGDJDLQVWDOOGHJUHHVRIIUHHGRPH[FHSWIRUWKHWUDQVODWLRQDO
GHJUHHRIIUHHGRPLQ WKH<GLUHFWLRQ,Q WKHIODQJHVIDVWHQHGFRQGLWLRQ WKHFRQQHFWRUZDV
XVHGLQWKHUHJLRQZKHUHWKHIODQJHVFRQQHFWHGWRWKHEHDULQJSODWHV7KHQRGHVZHUHSUHYHQWHG
IURPWUDQVODWLQJLQDOOGHJUHHVRIIUHHGRPH[FHSWLQWKH\GLUHFWLRQ&DUWHVLDQFRQQHFWRUVZHUH
XVHG WR VLPXODWH WKH EROWV LQVWHDG RI SK\VLFDOO\ PRGHOOLQJ EROWV DQG KROHV ³&211'´
FRQQHFWRU HOHPHQWV ZHUH XVHG WR PRGHO WKH LQSODQH WUDQVODWLRQDO VWLIIQHVV LH [ DQG ]
GLUHFWLRQV7KHVWLIIQHVVRIWKHFRQQHFWRUVHOHPHQWZDVN1PPZKLFK/LPDQG1HWKHUFRW


DEVXJJHVWLRQZRXOGEHVXLWDEOH,QWKH\GLUHFWLRQWKHQRGHVZHUHSUHYHQWHGIURP
WUDQVODWLQJ
3.6 Verification of finite element model 
,QRUGHUWRYHULI\WKHILQLWHHOHPHQWPRGHOWKHUHVXOWVRIH[SHULPHQWDOVWXG\RQOLSSHG
FDUERQ VWHHO FKDQQHO VHFWLRQV îîW1 DQG îîW1 IODQJHV
XQIDVWHQHGDQGIDVWHQHGWRWKHEHDULQJSODWHVIRUWKHFDVHVRIZHEKROHVORFDWHGFHQWUHGDQG
RIIVHWWRWKHEHDULQJSODWHVXQGHU(7)ORDGLQJFRQGLWLRQFRQGXFWHGE\8]]DPDQet al.E
 VHH)LJZHUHFRPSDUHG WR WKH UHVXOWVREWDLQHG IURP WKH ILQLWH HOHPHQW DQDO\VHV
)LJVDQGXVLQJWKHVDPHPDWHULDODVGHYHORSHGIRUVWDLQOHVVVWHHOPDWHULDOVLQWKLVVWXG\
$VFDQEHVHHQWKHUHLVJRRGDJUHHPHQWEHWZHHQWKHIDLOXUHORDGVRIWKHWHVWHGVSHFLPHQVDQG
WKH ILQLWH HOHPHQW UHVXOWV )RU FROGIRUPHG VWDLQOHVV VWHHO OLSSHG FKDQQHOVHFWLRQV WKH
QXPHULFDOIDLOXUHORDGVZLWKDQGZLWKRXWFLUFXODUZHESHUIRUDWLRQVZHUHWKHQGHWHUPLQHGIRU
WKHWKUHHVWDLQOHVVVWHHOJUDGHVGXSOH[JUDGH(1DXVWHQLWLFJUDGHDQGIHUULWLF
JUDGHVHH7DEOH7KHVHUHVXOWVZHUHFRPSDUHGZLWKWKHIDLOXUHORDGVFDOFXODWHGLQ
DFFRUGDQFHZLWK$6&(%6(XURFRGH1$6DQG
$61=6VHH7DEOH7KHIDLOXUHORDGVSUHGLFWHGIURPWKHILQLWHHOHPHQWUHVXOWV
DUHJHQHUDOO\VLPLODUWRWKHVWDQGDUGFRGLILHGIDLOXUHORDGVRIWKHVHFWLRQV
3DUDPHWULFVWXG\IRUVWDLQOHVVVWHHOJUDGHV
,QWKLVVWXG\LQRUGHUWRLQYHVWLJDWHWKHHIIHFWRIFLUFXODUZHESHUIRUDWLRQVRQWKHZHE
FULSSOLQJVWUHQJWKRIFROGIRUPHGVWDLQOHVVVWHHOOLSSHGFKDQQHOVDWRWDORIILQLWHHOHPHQW
DQDO\VHVRIOLSSHGFKDQQHOVZLWKYDULRXVGLPHQVLRQVDQGWKLFNQHVVHVZHUHFRQVLGHUHGIRUWKH
WKUHH VWDLQOHVV VWHHOJUDGHVGXSOH[(1 DXVWHQLWLF(1DQG IHUULWLF(1
7KHZHEFULSSOLQJVWUHQJWKSUHGLFWHGZDVLQIOXHQFHGSULPDULO\E\WKHUDWLRRIWKHFLUFXODUZHE
RSHQLQJGHSWKWRWKHIODWSRUWLRQRIWKHZHEWKHUDWLRRIWKHEHDULQJOHQJWKWRWKHIODWSRUWLRQ


RIWKHZHEDQGWKHORFDWLRQRIWKHZHEKROHDVGHILQHGE\WKHGLVWDQFHRIWKHZHESHUIRUDWLRQ
IURPWKHHGJHRIWKHEHDULQJGLYLGHGE\WKHIODWSRUWLRQRIWKHZHE8]]DPDQHWDODEF
,QRUGHUWRILQGWKHHIIHFWRIDK1KDQG[KRQWKHZHEFULSSOLQJVWUHQJWKRIFKDQQHO
VHFWLRQVZLWKFLUFXODUZHESHUIRUDWLRQVSDUDPHWULFVWXGLHVZHUHFDUULHGRXWFRQVLGHULQJWKH
FLUFXODUZHESHUIRUDWLRQVGLIIHUHQWEHDULQJSODWHOHQJWKVWKHFURVVVHFWLRQVL]HVDQGORFDWLRQ
RIWKHFLUFXODUZHESHUIRUDWLRQV7KHFDVHVRIERWKIODQJHVIDVWHQHGDQGIODQJHVXQIDVWHQHGWR
WKHEHDULQJSODWHVZHUHFRQVLGHUHG
7KHVSHFLPHQVFRQVLVWHGRIWKUHHGLIIHUHQWVHFWLRQVL]HVKDYLQJWKLFNQHVVHVWUDQJLQJ
IURPPPWRPPDQGZHEVOHQGHUQHVVKWYDOXHVUDQJLQJIURPWR7KH
UDWLRVRIWKHGLDPHWHURIWKHFLUFXODUZHESHUIRUDWLRQVDWRWKHGHSWKRIWKHIODWSRUWLRQRIWKH
ZHEVKZHUHDQG7KHUDWLRVRIWKHGLVWDQFHRIWKHZHESHUIRUDWLRQV[WR
WKHGHSWKRIWKHIODWSRUWLRQRIWKHZHEKZHUHDQG%HDULQJSODWHVRIOHQJWKV1
HTXDOWRPPPPDQGPPDUHFRQVLGHUHG)RUHDFKVHULHVRIVSHFLPHQVWKHZHE
FULSSOLQJVWUHQJWKVRIWKHVHFWLRQVZLWKRXWWKHZHESHUIRUDWLRQVZHUHREWDLQHG7KXVWKHUDWLR
RI WKH ZHE FULSSOLQJ VWUHQJWKV IRU VHFWLRQV ZLWK ZHE SHUIRUDWLRQV GLYLGHG E\ WKH VHFWLRQV
ZLWKRXWZHESHUIRUDWLRQVZKLFKLVWKHVWUHQJWKUHGXFWLRQIDFWRU5ZDVXVHGWRTXDQWLI\WKH
GHJUDGLQJLQIOXHQFHRIWKHZHESHUIRUDWLRQVRQWKHZHEFULSSOLQJVWUHQJWKV
7KHSDUDPHWULFVWXG\LQYHVWLJDWHGWKHHIIHFWRIWKHUDWLRVRIDK1KDQG[K7KHZHE
FULSSOLQJVWUHQJWKV3)($SHUZHESUHGLFWHGIURPWKH)($DUHVXPPDULVHGLQ7DEOHVWR
IRUWKHGXSOH[JUDGH(1$VFDQEHVHHQIURP7DEOHVWRWKHIDLOXUHORDGRIWKH
FROGIRUPHGVWDLQOHVVVWHHOVHFWLRQVUHGXFHVDVZHESHUIRUDWLRQVDUHSUHVHQWDQGFRQWLQXHVWR
UHGXFHZLWKLQFUHDVHLQWKHVL]HRIZHESHUIRUDWLRQV7KHUHVXOWVGHPRQVWUDWHWKDWWKHIDLOXUH
ORDGREWDLQHGIURPWKHFROGIRUPHGVWDLQOHVVVWHHOVHFWLRQVZLWKWKHFDVHRIIODQJHVIDVWHQHG
WREHDULQJSODWHVLVLQDYHUDJHKLJKHUWKDQWKHFDVHRIIODQJHVXQIDVWHQHGWREHDULQJSODWHV
IRU WKH VHFWLRQV ZLWK DQG ZLWKRXW ZHE SHUIRUDWLRQV ,Q DGGLWLRQ IRU WKH FDVH RI ZHE


SHUIRUDWLRQVZLWKDKRUL]RQWDOFOHDUGLVWDQFHWRWKHQHDUHGJHRIWKHEHDULQJSODWHVWKHZHE
FULSSOLQJVWUHQJWKRIWKHVHFWLRQVLVKLJKHUWKDQWKHFDVHRIZHEKROHVORFDWHGFHQWUHGDERYH
WKHEHDULQJSODWHV0RUHRYHUIRUWKHVDPHVHFWLRQZLWKGLIIHUHQWVSDQDQGEHDULQJSODWHVWKH
IDLOXUHORDGVZHUHIRXQGWREHGLIIHUHQWDPRQJWKHUHVXOWV%DVHGRQWKHUHVXOWVLWZDVIRXQG
WKDWWKHIDLOXUHORDGLQFUHDVHVDVWKHOHQJWKRIWKHEHDULQJSODWHVLQFUHDVHVDQGDVWKHOHQJWKRI
WKHVHFWLRQVLQFUHDVHV7KHHIIHFWRIWKHUDWLRVRIDK1KDQG[KRQWKHUHGXFWLRQIDFWRURI
WKHZHEFULSSOLQJVWUHQJWKLVVKRZQLQ)LJIRUWKH&VSHFLPHQ
)LJDVKRZVWKHUDWLRRIWKHFLUFXODUZHESHUIRUDWLRQGHSWKWRWKHIODWSRUWLRQRIWKH
ZHEa/h) YHUVXVWKHVWUHQJWKUHGXFWLRQIDFWRUIRUWKHWKUHHVWDLQOHVVVWHHOJUDGHV$VFDQEH
VHHQWKHUHGXFWLRQLQVWUHQJWKLQFUHDVHVDVWKHSDUDPHWHUa/hLQFUHDVHVIRUDOOWKUHHVWDLQOHVV
VWHHOV LQ SDUWLFXODU IRU WKH IHUULWLF JUDGH ZLWK ORZHU WKLFNQHVV PP 7KH UHGXFWLRQ LQ
VWUHQJWK RI WKH IHUULWLF JUDGH  PP WKLFN VHFWLRQ LV VPDOOHVW DQG WKH UHGXFWLRQ LQ VWUHQJWK
LQFUHDVHVDVWKHVHFWLRQEHFRPHVWKLQQHU,WFDQEHVHHQWKDWZKHQWKHa/h UDWLR LQFUHDVHVIURP
WRWKHUHGXFWLRQLQVWUHQJWKIRUWKHIHUULWLFJUDGHLQFUHDVHVE\
)LJEVKRZVWKHUDWLRRIWKHEHDULQJOHQJWKWRWKHIODWSRUWLRQRIWKHZHEN/h) YHUVXV
WKHVWUHQJWKUHGXFWLRQIDFWRUIRUWKHWKUHHVWDLQOHVVVWHHOJUDGHV$VFDQEHVHHQWKHUHGXFWLRQ
LQ VWUHQJWK LVQRW VHQVLWLYH WR WKH UDWLRN/h DQG WKHPP WKLFN VHFWLRQVKDYH WKH VPDOOHVW
UHGXFWLRQLQVWUHQJWKRUWKHKLJKHVWVWUHQJWKUHGXFWLRQIDFWRU
)LJFVKRZVWKHUDWLRRIWKHFLUFXODUZHEKROHORFDWLRQWRWKHIODWSRUWLRQRIWKHZHE
x/h) YHUVXVWKHVWUHQJWKUHGXFWLRQIDFWRUIRUWKHWKUHHVWDLQOHVVVWHHOJUDGHV$VFDQEHVHHQ
WKHUHGXFWLRQLQVWUHQJWKLVVHQVLWLYHWRWKHKRUL]RQWDOGLVWDQFHRIWKHZHESHUIRUDWLRQVWRWKH
EHDULQJSODWHV$V WKH UDWLRRIx/h GHFUHDVHV IURP WR WKH VWUHQJWK UHGXFWLRQ IDFWRU
GHFUHDVHV E\  $OVR LW FDQ DJDLQ EH VHHQ WKDW WKH UHGXFWLRQ LQ VWUHQJWK LV OHVV IRU WKH
DXVWHQLWLFJUDGHFRPSDUHGWRWKDWRIWKHRWKHUWZRVWDLQOHVVVWHHOJUDGHV


5HGXFWLRQIDFWRUFRPSDULVRQZLWK8]]DPDQet al.F
)RUHDVHRIUHIHUHQFHWKHUHGXFWLRQIDFWRUHTXDWLRQVSURSRVHGE\8]]DPDQet al.F
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
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,QRUGHUWRHYDOXDWHWKHDSSOLFDELOLW\RIWKHSURSRVHGHTXDWLRQVWRFROGIRUPHGVWDLQOHVV
VWHHOJUDGHVDQH[WHQVLYHVWDWLVWLFDODQDO\VLVZDVSHUIRUPHGRQDOOIRXUSURSRVHGHTXDWLRQV
7DEOHFRPSDUHVWKHUHGXFWLRQIDFWRUVGHWHUPLQHGIURPWKHILQLWHHOHPHQWPRGHOVWR(TV
IRUFDVHVRIFHQWUHGDQGRIIVHWZHESHUIRUDWLRQZKHUHWKHIODQJHVDUHXQIDVWHQHGWRWKH
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ZLWKWKHVWDLQOHVVVWHHOILQLWHHOHPHQWDQDO\VLVUHVXOWVDQGWKHFRHIILFLHQWVDUHSUHVHQWHGLQ
7DEOH
&RPSDULVRQRIQXPHULFDOUHVXOWVZLWKSURSRVHGUHGXFWLRQIDFWRUV
)RU WKH WKUHH VWDLQOHVV VWHHOV JUDGHV WKH YDOXHV RI WKH VWUHQJWK UHGXFWLRQ IDFWRU R
REWDLQHGIURPWKHQXPHULFDOUHVXOWVDUHFRPSDUHGZLWKWKHYDOXHVRIWKHSURSRVHGVWUHQJWK
UHGXFWLRQIDFWRURpFDOFXODWHGXVLQJ(TVDQG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